A parameter-free methodology to determine the effective work function, defined as the work function of the metal on the dielectric side of a metal-dielectric interface, is presented. This method relies on the direct determination of the effective work function through the interfacial dipole moment from standard density functional theory calculations devoid of scaling the band gap and band offset. For the case of a Pt-HfO 2 interface, this strategy is combined with statistical thermodynamic principles to predict the most probable effective work function at given combinations of temperature and O 2 pressure (through determination of the most favored interfacial O coverage). The predicted results are in excellent agreement with observations. It is well known that the vacuum work function of a metal surface is modulated by species present at the surface due to a modified surface dipole layer.
It is well known that the vacuum work function of a metal surface is modulated by species present at the surface due to a modified surface dipole layer. [1] [2] [3] A similar phenomenon occurs when a metal is interfaced with an insulator. Here, the vacuum levels on either side of the interface may be misaligned [cf. Fig. 1(b) ]. The degree of such a misalignment will depend on the magnitude of the interfacial dipole moment, which is determined by the interfacial atomic and electronic structures. 4, 5 The vacuum level discontinuity across the interface implies that the work function of the metal on the vacuum side (φ) may, in general, be different from that on the insulator side. The latter is generally referred to as the effective work function (φ eff ), 6, 7 and is of paramount importance in situations that involve metal electrodes. In this contribution, we present a simple parameter-free methodology to directly and unambiguously determine φ eff for a metal-insulator system. Furthermore, by combining this method with first-principles thermodynamics, we provide a general prescription to understand the correlation between φ eff and processing conditions that control the metal-insulator interfacial structure and dipole.
A notable example where the above considerations are particularly relevant is the emerging "high-k" microelectronic device, which involves an interface between a metal and a high dielectric constant (i.e., "high-k") material such as HfO 2 . [8] [9] [10] In such devices, the metal work function is required to be 4.1 or 5.2 eV, so that the metal Fermi level (E F ) is aligned, respectively, to the conduction band minimum (CBM) or the valence band maximum (VBM) of the underlying Si substrate. 11 However, as noted above, even if a metal with the appropriate vacuum work function value is used, the work function of the metal on the oxide side of the interface shifts with respect to its vacuum value. 12 Moreover, the degree of this shift depends on the processing conditions that the device is subjected to. 7, [13] [14] [15] [16] Figure 1 shows a schematic of the band and potential lineups for a metal slab and a metal-oxide interface. Several theories exist to explain the process-induced variations of φ eff . 7, [17] [18] [19] [20] [21] These include Fermilevel-pinning at the metal-dielectric interface and the presence of O vacancies in the HfO 2 layer or at the metal-dielectric interface.
In past work based on density functional theory (DFT) computations, φ eff of metals interfaced with oxides have generally been estimated using the following equation: [22] [23] [24] 
where χ , E g , and VBO are the electron affinity, the band gap of dielectric, and the valence band offset (in this case, the Schottky barrier height) between the metal and dielectric (see Fig. 1 ). Standard DFT calculations, due to approximations to the electronic exchange-correlation potential and energy, can not correctly predict any of these three terms, especially χ and E g . 25 The conventional procedure to handle this issue has been to use experimental values for χ and E g and/or scale VBO by the ratio of the experimental to the computed values of E g . 24 In this paper, we formally relate φ eff to the metal-oxide interface dipole moment and present a simple fully ab initio procedure (devoid of scaling or fitting) to determine φ eff from standard DFT calculations. For definiteness, we choose Pt as the metal and HfO 2 as the dielectric in this paper, as this is one of the best-characterized metal and high-k interfaces. For this system, φ eff is observed to be less than the vacuum value of 5.8 eV, and varies significantly (4.6-5.5 eV) with processing conditions. 7, [13] [14] [15] [16] Such changes in φ eff have been attributed to varying levels of O at the Pt-HfO 2 interface. 7 Using wellestablished first-principles thermodynamics principles, 26 we have determined the most probable O concentration at the PtHfO 2 interface for a given combination of temperature (T ) and O 2 pressure (P O 2 ) (Ref. 27), the process variables, and have determined φ eff corresponding to these interfacial O coverages. The predicted φ eff values of Pt-HfO 2 are in excellent agreement with experimental observations. Our DFT calculations were performed using the VASP code 28 with the PW91 generalized gradient approximation 29 (GGA) and the projector-augmented wave approach. 30 The calculated lattice parameters for bulk m-HfO 2 are 5.09Å for a, 5.14Å for b, and 5.27Å for c, in good agreement with the corresponding experimental values (5.12, 5.17, and 5.29Å, respectively). 31 The predicted lattice parameter for fcc-Pt is 3.98Å, compared to the experimental value of 3.92Å. 
(Color online) Schematic of (a) the macroscopic band structure of a metal slab and (b) the band alignment in a metaloxide stack. E vac,m and E F are, respectively, the vacuum level and Fermi level of the metal. E vac,o , CBM, VBM, χ , and E g are, respectively, the vacuum level, conduction band minimum, valence band maximum, electron affinity, and band gap of the oxide. VBO stands for valence band offset, and represents the energy difference between the metal Fermi level and the oxide VBM. D m and D o are the surface dipole moments of the metal free surface and the oxide free surface, respectively. D x is excess interfacial dipole moment, i.e., the total interfacial dipole moment minus the metal free surface dipole moment.
Following prior work, 33 the interface models were created by placing a strained (111) structures are shown in Fig. 2(a) . When θ O = 0 ML, the interface is represented by Pt-Hf bonding. For θ O = 1, one half of the O atoms passivates the interfacial Hf atoms and the other half bonds to interfacial Pt atoms. The local structure of Pt-O bonding at the Pt:2:HfO 2 interface (i.e., θ O = 2) mimics a structure akin to distorted platinum oxide. These three interfaces are referred to as "clean," "abrupt," and "oxidized," respectively.
The interface energy of each structure relative to the interface energy for θ O = 0.5 is defined as
where E Pt:θ O :HfO 2 is the DFT (or 0 K) energy for the interface model. We note that only relative interface energies are important in this study, and have arbitrarily chosen the Pt:0.5:HfO 2 interface to be the reference (the Hf and O atoms are in the 1:2 ratio for this heterostructure slab).
is the chemical potential of one O 2 molecule, which can be obtained from thermochemical tables, 34 or determined ab initio based on statistical thermodynamics. 27 Although vibrational and configurational contributions of the interface to the relative interface energy are neglected here, we have shown elsewhere that they do not make significant changes to the interface phase diagrams. 27 By identifying the lowest interface energy structure for each (T ,P O 2 ) condition, we have obtained the interface phase diagram for the Pt-HfO 2 interface, which is shown in Fig. 2(b) . Under typical processing conditions [the shaded region in Fig. 2(b) ], the stable interface O coverage between Pt and HfO 2 varies between 0.5 and 1 ML over a wide temperature range. With the decrease of T or increase of P O 2 , the stable interface O coverage will increase from 0 ML (clean interface) smoothly to ∼1 ML (abrupt interface) and then abruptly to 2 ML (oxidized interface). This oxidation behavior is similar to the surface oxidation of the (111) Pt surface. 35 Further details concerning the determination of the interface phase diagram are documented separately elsewhere. 27 Next, we discuss the methodology to determine φ eff using the interface dipole moment for the structures identified above and the Pt vacuum work function (both of which are well represented in standard DFT calculations). As schematically shown in Fig. 1 , when the metal slab with a surface dipole moment of D m and a vacuum work function of φ is interfaced with an oxide, an extra dipole moment (D x ) is created at the interface, and hence results in a vacuum level discontinuity across the interface. φ and the vacuum level discontinuity (through D x ) determine φ eff as
where A is the interface area. The calculated φ for the strained (111) Pt surface [required to form a coherent interface with (1 × 1) (001) HfO 2 as described previously] is 5.75 eV and the corresponding value for the Pt slab at equilibrium is 5.7 eV (consistent with the experimental value of 5.8 eV). 16 In other words, φ is found to be somewhat insensitive to the strain in the metal slab. As shown in Fig. 1(b) , the asymmetric interface supercell used in the current calculations contains two free surfaces: the metal and the oxide free surfaces with surface dipole moments of D m and D o , respectively. Thus Fig. 2(b) ] are shown in bold so as to distinguish these from the values for unstable structures (not seen in the interface phase diagram). The sign of (D x /A) indicates that it is directed into the metal surface. [cf. Fig. 1(b) ], the net dipole moment of the supercell D n (which may be unambiguously computed as done by VASP), is D x + D o , from which D x may be determined using
We note that D o may be computed from a separate (001) m-HfO 2 slab calculation with the same surface termination as the oxide free surface in the interface model, i.e., half ML O layer [cf. Fig. 2(a) Table I . The φ eff values corresponding to the stable interface structure present in the interface phase diagram [ Fig. 2(b) ] are shown in bold so as to distinguish these from the values for unstable structures (not seen in the interface phase diagram). As we can see from Table I , D x , and hence φ eff , are strongly dependent on the interfacial O content. φ eff of the stable interfaces increases from Next, we discuss the T and P O 2 dependence of φ eff . In the sense that a statistical distribution of φ eff values is expected for each (T ,P O 2 ) condition, the Pt-HfO 2 stack will display an average φ eff value (φ eff ).φ eff may be defined as
where φ eff (θ O ) and ℘(θ O ) are the φ eff value and the probability of a coverage of θ O . The determinedφ eff as a function of T and P O 2 for Pt-HfO 2 is portrayed in Fig. 3 . As we can see,φ eff decreases with T and increases with P O 2 . This finding is consistent with prior experimental work in which a Pt-HfO 2 stack annealed in forming gas and O 2 gas displayed an effective work function of 4.6 and 4.9 eV, respectively. 7 Furthermore, the shaded region in Fig. 3 represents the expected, or generally adopted, processing conditions (from the standard pressure to the ultrahigh vacuum conditions).
The predictedφ eff at these expected annealing conditions (4.4-5.5 eV) is in favorable agreement with the reported experimental values (4.6-5.5 eV). 7, [13] [14] [15] More quantitative comparisons between our work and experiments is not possible at this time, as available experimental studies do not provide the exact processing O 2 pressure.
Finally, we note that several simplifying assumptions have been made to make our calculations tractable. These include constraints imposed by periodicity and coherency, and consideration of only a single-crystal environment. Nevertheless, we believe the dominant factors that control the thermodynamics and the electronic structure of the interface are largely local, which are indeed well captured by our treatment. Our prior work on the thermodynamics of Pt-HfO 2 as well as Si-HfO 2 interfaces provide partial justification for these hopes and beliefs. 27 In that work, it was shown that the conditions at which certain interface phases are favored are indeed predicted with remarkable accuracy, despite the simplifying assumptions made. It was also shown that strains induced by the requirement of coherency in our treatment alter our conclusions negligibly.
In summary, a parameter-free methodology to directly determine the effective work function of a metal-dielectric interface in terms of the interfacial dipole moment has been presented. The variation of the effective work function with respect to the environment (in this case, T and P O 2 ), attributed to changes in the interfacial O content, has been captured using first-principles thermodynamics. The favorable agreement between the computed and experimental results for the Pt-HfO 2 interface under generally adopted processing conditions is indicative of the usefulness of such full first-principles property-processing relationship studies. Such approaches may be effectively used in ab initio materials design attempts to tailor the interfacial dipole moment.
